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Abstract
Titanate structures were synthesized in highly alkaline solution using hydrothermal procedure. As-prepared 
powders were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) 
and transmission electron microscopy (TEM). A specific surface area of the powders was measured by BET 
method. Results confirmed formation of layered trititanates, already after one hour of hydrothermal synthesis. 
To examine the photocatalytic activity of the as-prepared layered titanates, methylene blue (MB) was employed 
as a target compound in response to visible light at ambient temperature. It was observed that the specific 
surface area, size distribution and crystallinity are important factors to get high photocatalytic activity for the 
decomposition of MB.
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I. Introduction
During the past decade, a great research interest has 
been directed to the development of one-dimensional 
(1D) nanostructured powders based on oxide ceramics. 
Compared with bulk materials, one-dimensional nano-
scale materials, with their large specific surface areas 
and possible quantum confinement effects, exhibit dis-
tinct electronic, optical, chemical and thermal proper-
ties [1–3]. In many cases, 1D nanostructures are supe-
rior to their counterparts with larger dimensions. Major 
advantages  of  these  materials are  their  extraordinary 
lengths, flexibility and structure that can allow them to 
be physically manipulated into various shapes accord-
ing to the design requirements.
Among the large family of 1D nanomaterials, titan-
ates are of particulate interest. Depending on the syn-
thesis method as well as on the conditions within the 
method, it is possible to obtain different morphology of 
titanate structures, such as nanotubes, nanowires, nano-
fibers, nanorods, nanobelts etc. Titanate based 1D ma-
terials are one of the most promising semiconducting 
ceramic materials because of their wide range of poten-
tial applications in nanoelectronics, in optical and sen-
sor devices, in solar cells, pigments, biomedicine etc 
[1,4–8]. In addition, the high morphological and struc-
tural  specificity  of  1D  titanates  (phase  composition, 
high aspect ratio and large specific surface area) may 
enhance their photocatalytic activity, leading to a high-
er potential of applications in environmental purifica-
tion [9–13]. Beside the growing interest in obtaining the 
one dimensional titanates, the exact mechanism of their 
formation is still a controversial topic discussed wide-
ly in contemporary literature [14–21]. Also, the clarifi-
cation of the individual stages that precede the forma-
tion of the 1D structures, is one of the opened questions; 
even the composition of these materials is still a subject 
of debate [1, 22–24].
In this work, layered titanates were synthesized by 
a hydrothermal method. The main subject of this work 
was to investigate the photocatalytic activity of the lay-
ered structures under irradiation by visible light. These 
structures can be understood as an early stage in the for-
mation of the one dimensional titanates.
II. Experimental
The  titanate  based  structures  were  synthesized 
through a simple hydrothermal procedure, reported pre-
viously  [25].  The  commercial  TiO2  powder  (Degus-
sa P25) was dispersed in an aqueous solution of 10M 
NaOH and stirred for some time. The hydrothermal re-
action was carried out at 150°C for a different time (1, 3, 
6 and 10 hours). After hydrothermal treatment the pre-
cipitates were washed with distilled water and absolute 
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ethanol until the neutral pH was reached and separated 
from the solution by centrifugation. The formed titan-
ates were dried at 120°C for one day. The samples were 
named Tm-x, where x stands for the time (in hours) of 
the hydrothermal reaction. The sample notations of the 
obtained titanates are shown in Table 1, together with 
the values of specific surface areas.
Table 1. Sample notations and specific surface areas of
titanate samples
Sample
notation
Reaction time
[h]
Specific surface 
area, SBET [m2/g]
Tm-1 1 355
Tm-3 3 219
Tm-6 6 322
Tm-10 10 249
Photocatalytic activity of the prepared powders was 
estimated from the change in the concentration of meth-
ylene blue (MB) under visible light irradiation. In sev-
eral glasses containing 0.01 g of titanate powder, a 10 
ml of aqueous MB solution (100 ppm) was added and 
maintained in the dark for 1 hour with stirring. After 
completion of the adsorption of MB, the solution was 
kept under irradiation of visible light for a different time 
(10, 20, 30, 40, 50 minutes). Samples were centrifuged 
in order to separate the titanates from the solution. The 
concentration change of MB was then determined by 
measuring the maximum absorbance at λ = 665 nm as a 
function of irradiation time using a spectrophotometer. 
Concentration of methylene blue solution was calculat-
ed with the absorbency of the methylene blue solution 
separated from sample. The adsorption degree of titan-
ate powders to methylene blue solution was valued as 
c/co, where c is the concentration of methylene blue so-
lution separated from adsorpted sample and the co is the 
concentration of the original methylene blue solution.
Structural changes caused by the hydrothermal con-
version of the starting P25 powder to titanate structures 
were studied by FT-IR spectroscopy and electron mi-
croscopy. Phase composition of the samples was deter-
mined by X-ray powder diffraction (XRD). X-ray dif-
fraction patterns of the titanates were collected on a 
Siemens D500 instrument using Ni-filtered Cu-Kα radi-
ation of wavelength 1.5418 Å. The XRD data were re-
corded with a step of 0.02°/sec. Microstructure and mor-
phology of the samples were analyzed using a Hitachi 
H9000-NA  transmission  electron  microscope  (TEM) 
operating at 200 KV, capable of performing the select-
ed area electron diffraction (SAED). Fourier-transform 
infrared  spectroscopy  measurements  were  performed 
using a Nicolet-Nexsus 670 FT-IR in the range 400–
4000 cm-1. Specific surface area of the powders was es-
timated by low temperature nitrogen adsorption mea-
surements performed on a Quantachrom Autosorb-3B 
instrument applying BET method.
III. Results and discussion
Typical XRD patterns of one-dimensional titanates 
are shown in Fig. 1. Titanate structures are present al-
ready after one hour of hydrothermal synthesis, which is 
an unusually short time. From the Fig. 1, it can be iden-
tified four characteristic diffraction peaks at 2θ ~ 9.5, 
24.44, 28.37 and 48.32o, related to the Na2Ti3O7 type 
of titanates, (ICDD card 31-1329), in accordance with 
the literature [24,26]. These peaks could be ascribed to 
the interlayer spacing typical for one-dimensional titan-
ate structures [24–28]. The intensity of the peak around 
9.5° is increasing with the reaction time, indicating the 
rise in crystallinity.
Figure 1. XRD patterns of titanate structures prepared
under hydrothermal reaction
The FT-IR spectra of the prepared powders, Fig. 2, 
are in accordance with the XRD results. The peak at 
around 900 cm-1 is typical for one-dimensional struc-
tures [3,25]. This peak corresponds to the vibration of 
Ti-O nonbridging oxygen bonds, and could imply on 
the  formation  of  Ti-O-Na  bonds.  The  characteristic 
bands in the range 450–700 cm-1 are due to the different 
types of Ti-O vibrations, and they are related with tet-
rahedrally and octahedrally coordinated titanium ions 
[29]. As previously reported [25], those peaks are miss-
ing in the starting powder and it can be assumed that 
observed vibrations are the result of the braking of the 
Ti-O bonds and formation of titanate layers by the in-
tercalation of Na+ and OH– ions into the structure. Two 
prominent absorption bands at 3400 and 1600 cm-1 in all 
samples have been assigned to the stretching and bend-
ing vibrations of the adsorbed water molecules [3,29]. 
It suggests that these structures are preferred for water 
to be absorbed on the surfaces and in pores of the mate-
rials. The shape and intensity of the observed bands are 
changing with the duration of the hydrothermal reac-
tion, implying on a structure modification and possible 
formation of the one-dimensional titanate structure.71
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TEM images of titanate structures, shown in Fig. 
3, are in good agreement with previously presented re-
sults. Formation of lamellar titanate sheets is obvious 
already after 1 hour of hydrothermal synthesis, Fig. 
3a. Complete transformation of P25 nanoparticles into 
titanate nanosheets indicates that the rate of hydrother-
mal reaction is very high in the early stages of lay-
er formation. As the reaction proceeds, formed nano-
sheets grow together with a tendency to curl at their 
edges, leading to the formation of nanotubes. Hence, 
similarly to our findings reported earlier [30], obtained 
results implied that the most probable formation mech-
anism of titanate nanotubes is a transformation of ti-
tania nanoparticles into titanate nanosheets due to the 
attack of sodium hydroxide during the hydrothermal 
reaction. These results have shown that the formation 
of one dimensional titanate structures (layered titan-
ates) is possible after unusually short time, but com-
plete transformation into the nanotubes requires a lon-
ger time for the synthesis than 10 hours tested in this 
work.
Efficiency of the formed layered titanates in water 
purification is shown in Fig. 4. Photocatalytic activity 
of the prepared powders was estimated from the change 
in the concentration of methylene blue (MB) under visi-
ble light irradiation. It can be seen that obtained layered 
titanates have shown high efficiency in the photocata-
lytic degradation of MB. It was particularly noteworthy 
that the process showed an extraordinary fast initial rate 
of adsorption, which can be verified by the fact that the 
amount of adsorbed MB onto Tm-6 and Tm-10 samples 
within 10 minutes achieved almost 60% in respect to 
the initial concentration. With increasing the time of ir-
radiation, the concentration of MB decreases, indicating 
the rise of titanates activity. These changes are clear-
ly noticeable from the transition of the solution colour 
from dark blue to light blue shades with increasing time 
of excitation, Fig. 5. The remarkable photocatalytic ac-
tivity of the layered titanates can be attributed to their 
defective structure and high specific surface area. The 
BET specific surface area, Table 1, increases following 
the order: Tm-3 < Tm-10 < Tm-6 < Tm-1, which does 
not correlate with the cristallinity of the powders, but is 
probably caused by the different porous nanostructure 
in the investigated samples. Further analyses regarding 
the pore shape and size distribution are needed to ex-
plain this behaviour. With respect to the starting powder 
(SBET(P25) = 80 m2/g), the high specific surface area of 
as-synthesized layered titanates made it possible to ad-
sorb pollutant molecules into the surface of the pores, 
thus favouring the photocatalytic degradation mediated 
with these structures. It can be seen that after comple-
tion of the MB absorption, the most effective titanates 
in MB degradation are those with the highest specif-
ic areas.
Figure 3. TEM images of one dimensional layered titanate structures: a) Tm-1, b) Tm-3 and c) Tm-10
a) b) c)
Figure 2. FTIR spectra of one dimensional layered
titanate structures72
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IV. Conclusions
We have successfully synthesized layered titanates 
through a simple hydrothermal procedure. Layered ti-
tanates can be understood as an early stage in the forma-
tion of the titanate nanotubes. The XRD patterns have 
shown that the particulate structure of the starting pow-
der is completely altered already after one hour of hy-
drothermal  treatment  at  150°C  and  layered  titanates 
have started to appear. The structure of the obtained ti-
tanates corresponds to the sodium titanates. The cris-
tallinity of the powders increases with the time of hy-
drothermal reaction. As-prepared layered titanates have 
very  high  values  of  specific  surface  area,  up  to  355 
m2/g in contrast with 80 m2/g of the starting powder, 
P25 Degussa. The obtained layered titanate structures 
have shown the high efficiency in photocatalytic deg-
radation of MB, already after 10 minutes under visi-
ble light excitation. Remarkable photocatalytic activity 
of the layered titanates can be attributed to their defec-
tive structure and high specific surface area. Addition-
al investigations regarding the pore size distribution are 
needed in order to explain the influence of the titanates 
pore structure on their photocatalytic efficiency.
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